Abstract. High glucose-induced endothelial cell apoptosis is considered to be the initiator of diabetes-associated vascular complications. Experiments in vivo and in vitro have demonstrated that high glucose levels contribute to the apoptosis of endothelial cells by mediating cellular dysfunction and metabolic disorder via the production of various cytokines. As the most important endogenous vascular regulators, the balance between pro-proliferative effector vascular endothelial growth factor (VEGF) and anti-proliferative effector tumor necrosis factor-like cytokine 1A (TL1A) is important in the modulation of endothelial cell survival and proliferation, and neovascularization. The present study aimed to explore whether the imbalance between VEGF and TL1A affected the apoptosis of human umbilical vein endothelial cells (HUVECs) exposed to high glucose conditions and then further investigated the potential mechanism. The results showed that the downregulation of VEGF in combination with the upregulation of TL1A in response to high glucose levels led to enhanced HUVEC apoptosis. Further experiments revealed that silencing high glucose-induced TL1A expression using TL1A small interfering (si)RNA or the overexpression of VEGF by transfection with VEGF DNA resulted in a reduced HUVEC apoptosis rate compared with the controls. The effects occurred by attenuating and activating the phosphoinositide 3-kinase/Akt/endothelial nitric oxide synthase pathway, respectively. In addition, VEGF and TL1A inhibited each other in hyperglycemia. In conclusion, these findings provide theoretical support for the further investigation of novel therapeutic strategies designed to maintain the balance between VEGF and TL1A and, thus, to prevent the onset and progression of endothelial cell apoptosis in response to high glucose stimuli.
Introduction
As a metabolic disorder, diabetes has been defined as an independent risk factor for various types of cardiovascular disease. It has been recognized that endothelial cell dysfunction and apoptosis represent the beginning of diabetes-associated vascular disease (1, 2) . The maintenance of the balance between the proliferation, apoptosis and necrosis of endothelial cells is multi-factorial and involves the interaction between vascular endothelial growth factor (VEGF) and tumor necrosis factor-like cytokine 1A (TL1A).
VEGF, considered as the most important cytokine in promoting endothelial cell growth, exhibits a crucial role in maintaining the stability of vascular endothelial structure and function by stimulating endothelial cell proliferation and regeneration while restraining apoptosis. Elevated VEGF levels are observed as a cardiac response under conditions of ischemia-hypoxia, while impairments in VEGF expression and activity have been identified in patients with diabetes (3) (4) (5) . It has been reported that patients without diabetes exhibited increased VEGF expression in response to myocardial ischemia and infarction but that diabetic patients exhibited reduced VEGF levels in the myocardium and in chronic wounds (6, 7) . The downregulation of VEGF expressed in tissues, aside from the kidney and the retina, contributes to the decrease in ischemia-induced collateral vessel formation in patients with diabetes, resulting in necrosis and irreversible damage (3) . Thus, VEGF is a key component in the mechanism that regulates endothelial cell proliferation and neovascularization.
TL1A is a unique endogenous inhibitor of angiogenesis (8, 9) that is predominantly produced by endothelial cells and that performs its physiological functions by binding to its receptors, DR3 and DcR3 (10) . As a multifunctional member of the tumor necrosis factor super-family, TL1A participates in numerous physiological processes, such as the immune response (11) , and in pathologies such as inflammatory bowel disease (12) and atherosclerosis (13, 14) . It has been widely accepted that TL1A exerts an inhibitory effect on endothelial cell proliferation during different growth stages by promoting apoptosis or growth arrest (15) . Previous experiments revealed that senescent human umbilical vein endothelial cells (HUVECs) displayed enhanced TL1A expression (16) . Additionally, TL1A inhibits tumor angiogenesis and tumor growth, and these effects are consistent with the observation that TL1A expression is significantly decreased in various types of cancer, such as ovarian (17) and breast cancer (18) , as well as in wound tissue (19) . Thus, TL1A functions as a suppressor of neovascularization and endothelial cell proliferation.
As important components of the mechanisms regulating neovascularization and cell proliferation, the balance between TL1A and VEGF ensures the stability of the established vasculature. The present study investigated TL1A and VEGF expression in high glucose-induced apoptotic HUVECs, with the aim of elucidating the mechanism by which TL1A and VEGF act on HUVECs. The experiments aimed to provide a novel strategy to protect endothelial cells from high glucose-induced apoptosis.
Materials and methods
Chemicals and reagents. Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mouse monoclonal antibody (m Ab; HRP-60004) and the horseradish peroxidase (HRP)-conjugated Affinipure goat anti-mouse (SA00001-1) and anti-rabbit (SA00001-2) secondary immunoglobulin (Ig)G (H+L) antibodies were purchased from Proteintech Group (Wuhan, China). Anti-phospho-phosphoinositide 3-kinase (PI3K) p85 (Tyr458)/p55 (Tyr199) rabbit polyclonal antibody (pAb; 4228), the anti-PI3K p85 rabbit pAb (4257), the anti-phospho-Akt (Ser473) rabbit mAb (4060), the anti-Akt rabbit mAb (4691), the anti-phospho-endothelial nitric oxide synthase (eNOS) (Ser1177) rabbit pAb (9571), and the anti-eNOS rabbit pAb (9572) were purchased from Cell Signaling Technologies Inc. (Beverly, MA, USA). Anti-VEGF mouse pAb (ab46154) and anti-TL1A rabbit pAb (ab21272) were purchased from Abcam (Cambridge, UK). Endothelial cell medium (ECM) was purchased from ScienCell Research Laboratories (San Diego, CA, USA).
Cell culture. The HUVECs used in this study were purchased from ScienCell Research Laboratories. The cells were cultured in ECM at 37˚C in a humidified incubator containing 5% CO 2 
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from HUVECs using TRIzol reagent (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions, and the RNA concentrations were measured using a NanoDrop 2000 (Thermo Fisher Scientific Inc.). RNA was reverse transcribed as follows: 4µl sample RNA (0.5 µg/µl), 1 µl random primer (25 µM) and 1 µl RNase-free dH 2 O (both Bio-Rad Laboratories, Inc.) were mixed together in a 0.2 ml Eppendorf tube, incubated at 70˚C for 10 min and immediately cooled on ice for ≥2 min. Following centrifugation at 3,000 x g for several seconds, 0.25 µl RTase M-MLV, 2 µl M-MLV buffer (5X), 0.5 µl dNTPs (2.5 mM each), 0.25 µl RNase inhibitor (40 u/µl; all Bio-Rad Laboratories, Inc.) and 1 µl RNase-free dH 2 O was added and incubated at 30˚C for 10 min, followed by 1 h at 42˚C and 15 min at 70˚C prior to cooling on ice. qPCR for VEGF and TL1A was performed using a qPCR kit (SYBR Green; Roche, Ltd., Basel, Switzerland). The primer sequences used were as follows: Forward: 5'-TCT CTA CCC CAG GTC AGA CG-3' and reverse: 5'-TCC CCA AAC TCC TGG TCA GA-3' for VEGF; forward: 5'-TGT GCA GTT CCA GGC TCT AAAA-3' and reverse: 5'-CCG TCT GCT CTA AGA GGT GCAT-3' for TL1A; and forward: 5'-GGT GGT CTC CTC TGA CTT CAA CA-3' and reverse: 5'-GTT GCT GTA GCC AAA TTC GTT GT-3 ' for GAPDH (Invitrogen; Thermo Fisher Scientific Inc.). The reverse transcription conditions were as follows: 95˚C for 30 sec for pre-incubation, followed by 45 cycles of 50˚C for 40 sec and 72˚C for 40 sec. Transcript amplification and detection were performed using a LightCycler480 thermal cycler (Roche Diagnostics GmbH, Manheim, Germany) as follows: Pre-incubation for 5 min at 95˚C, amplification via 45 cycles of 10 sec at 95˚C, 10 sec at 60˚C and 20 sec at 72˚C, and a final cooling step of 30 sec at 40˚C (ramp rate of 4.4˚C/s). The relative quantity of each gene was obtained using the ΔΔCq method (20) .
Gene silencing. RNA interference was performed using TL1A small interfering (si)RNA and control siRNA (RiboBio, Guangzhou, China). Cell cultures at 40-60% confluence were transfected with siRNA at a final concentration of 50 nM using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific Inc.) according to the manufacturer's instructions. After transfection (12 h), HUVECs were used for experimentation.
VEGF overexpression. The cells were seeded in 6-well plates (3x10 5 cells/well) and were incubated for 24 h prior to transfection. VEGF DNA was transfected into the HUVECs at a final concentration of 3 µg/µl using Lipofectamine 2000. Following transfection for 4-6 h, the transfection medium was replaced with ECM and culturing was continued for 24 h prior to further treatment. 
Apoptosis assay via flow cytometry (FCM)
.
Statistical analysis.
All experiments were performed at least three times and all data are expressed as the mean ± standard deviation. Statistical analysis of the data was performed via one-way analysis of variance using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. were determined via RT-qPCR and western blot analysis. As shown in Fig. 1A and B, TL1A expression at the mRNA and protein levels was induced by high glucose, resulting in a significant increase compared with the controls at 24 and 48 h. These results demonstrated that high glucose induces TL1A expression in HUVECs in a concentration-dependent manner.
Results

TL1A expression is induced in HUVECs in
VEGF expression is reduced in HUVECs in response to high
glucose. Different VEGF-regulating mechanisms resulted in distinct levels of VEGF expression between retinal and cardiac tissue in response to high glucose (3). A previous study has shown that VEGF expression was increased by 2-fold in the retina and in glomeruli in diabetes (3). To evaluate VEGF expression in HUVECs under hyperglycemic conditions, the HUVECs were treated as described above and the expression of VEGF was measured by RT-qPCR and western blot analysis. As shown in Fig. 1C and D, VEGF expression was decreased in the presence of high glucose compared with normal glucose. Thus, VEGF expression is inhibited in HUVECs cultured in the presence of high glucose.
Increase in TL1A expression and the decrease in VEGF expression promotes HUVEC apoptosis in response to high glucose. TL1A and VEGF expression levels in HUVECs displayed opposing changes in response to the high glucose stimulus, and it has previously been demonstrated that high glucose levels induce endothelial cell apoptosis (21) . To determine the association between the changes in TL1A and VEGF expression and the induction of HUVEC apoptosis in hyperglycemia, HUVECs were transfected with VEGF DNA (3 µg/µl) or TL1A siRNA (50 nM). Apoptosis of these cells was then evaluated via flow cytometry. As shown in Fig. 2A and B, TL1A siRNA effectively suppressed high glucose-induced TL1A expression at the mRNA and protein levels after stimulation in high glucose for 24 and 48 h. Furthermore, the silencing of high glucose-induced TL1A expression significantly attenuated high glucose-induced cell apoptosis (Fig. 2C  and D) . Furthermore, the transfection of VEGF DNA, which HUVECs were transfected with TL1A siRNA, negative control siRNA and VEGF DNA separately. After transfection for 12 h, cells were cultured in conditioned medium with high glucose (33 mM/l) for indicated time points. Western blot analysis was used to determine the quantity of PI3K, Akt, eNOS and their phosphorylated forms. HG, high glucose; siRNA, small interfering RNA; TL1A, tumor necrosis factor-like cytokine 1A; VEGF, vascular endothelial growth factor; HUVECs, human umbilical vein endothelial cells; p-, phosphorylated; PI3K, phosphoinositide 3-kinase; eNOS, endothelial nitric oxide synthase.
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A increased the VEGF levels ( Fig. 2E and F) in HUVECs, also protected against high glucose-induced cell apoptosis (Fig. 2C  and D) . The transfection of HUVECs with negative control siRNA exerted no effect on TL1A expression or cell apoptosis (Fig. 2) . These findings demonstrated that VEGF is protective against high glucose-induced HUVEC apoptosis and that high glucose-induced TL1A expression promotes HUVEC apoptosis.
TL1A and VEGF are mutually inhibited in hyperglycemia.
A previous study indicated that VEGF expressed in cancer cells is responsible for the downregulation of TL1A in ovarian cancer (17) . In order to investigate the correlation between TL1A and VEGF expression in response to high glucose, HUVECs were transfected with TL1A siRNA or VEGF DNA and cultured in high glucose. It was demonstrated that high glucose-induced TL1A expression was inhibited by VEGF overexpression (Fig. 3A and B) . By contrast, the HUVECs transfected with TL1A siRNA (50 nM) displayed increased VEGF expression at the mRNA and protein levels compared with the control cells ( Fig. 3C and D) . Thus, high glucose-induced TL1A expression further inhibits VEGF expression, whereas the high glucose-induced downregulation of VEGF production results in a weakened inhibitory effect of VEGF on TL1A accumulation, resulting in elevated TL1A expression and reduced VEGF production in HUVECs in response to high glucose.
Enhanced TL1A expression and reduced VEGF production accelerate HUVEC apoptosis by attenuating the PI3K/Akt/eNOS signaling pathway. The PI3K/Akt/eNOS signaling pathway has been demonstrated to act as an important component of the mechanism that protects the cardiovasculature from endothelial cell injury. The attenuation of the PI3K/Akt/eNOS signaling pathway is associated with high glucose-induced HUVEC apoptosis (21) . It was hypothesized that high glucose induces TL1A expression and reduces VEGF expression, thereby increasing HUVEC apoptosis by attenuating the PI3K/Akt/eNOS pathway. To test this hypothesis, HUVECs were transfected with TL1A siRNA or VEGF DNA and were cultured in high glucose for different periods. Then, PI3K/Akt/eNOS expression was assessed via western blot analysis. As shown in Fig. 4A , the phosphorylation of PI3K, Akt and eNOS was enhanced in cells transfected with TL1A siRNA compared with those transfected with negative control siRNA. Identical results were obtained for the HUVECs transfected with VEGF DNA to those for the HUVEC transfected with TL1A siRNA. Based on the above results, it was concluded that VEGF protects against high glucose-induced HUVEC apoptosis by activating the PI3K/Akt/eNOS pathway but that TL1A promotes HUVEC apoptosis in response to high glucose by attenuating the PI3K/Akt/eNOS pathway.
Discussion
A large body of evidence suggests that endothelial cell injury and apoptosis are likely responsible for diabetes-related cardiovascular complications. The balance between VEGF and TL1A, a pair of endogenous angiogenesis effectors that perform opposing functions, is critical for maintaining vascular integrity and homeostasis (22) . The disruption of the balance between VEGF and TL1A promotes the onset of various types of disease. This study provided a comprehensive analysis of the correlation between high glucose-induced HUVEC apoptosis and the imbalance of VEGF and TL1A expression, and preliminary results demonstrating the mutual inhibitory effects between VEGF and TL1A under high glucose conditions were obtained.
It has been widely accepted that apoptosis and senescence are considered as important processes that contribute to vascular dysfunction and pathology. Previous studies have demonstrated that VEGF may aid in the survival and proliferation of endothelial cells and in the protection of cells from apoptosis by inducing the expression of anti-apoptotic and antioxidant proteins (23, 24) . Furthermore, adequate VEGF levels are required for the regeneration and repair of endothelial cells (18) . This concept was concomitant with our findings that high glucose induced the inhibition of VEGF expression, resulting in increased cell apoptosis compared with normal glucose levels. Alternatively, the overexpression of VEGF largely ameliorated high glucose-induced HUVEC apoptosis. By contrast, TL1A has been demonstrated to arrest the growth of quiescent endothelial cells and to induce the apoptosis of proliferating endothelial cells (25) . Mück et al (26) reported that the overexpression of TL1A triggers premature senescence in HUVECs and that the silencing of TL1A partially alleviated HUVEC senescence. In the present study, the exposure of HUVECs to high glucose induced an increase in the apoptosis rate and the TL1A levels compared with the control. Further investigation revealed that the apoptosis of TL1A-silenced HUVECs was significantly reduced compared with that of the control cells. Based on these findings, it was proposed that decreased anti-apoptotic VEGF expression and pro-apoptotic TL1A accumulation in hyperglycemia is detrimental to survival and proliferation, finally leading to the high glucose-induced apoptosis in endothelial cells.
The above observations indicated that the disrupted balance between VEGF and TL1A results in increased HUVEC apoptosis. It has been widely accepted that maintaining the balance between TL1A and VEGF expression depends on various mechanisms, including their mutual effects. Deng et al (17) reported that HUVECs cultured in OVCAR-3 conditioned medium containing various concentrations of recombinant human VEGF exhibited significantly downregulated TL1A levels. Consistently, based on the present study, HUVECs exposed to high glucose in which VEGF was overexpressed via transfection with VEGF DNA also exhibited reduced TL1A levels, whereas VEGF expression was increased following the inhibition of TL1A expression. In addition, TL1A regulates the relative levels of two different isoforms of the VEGF receptor 1, membrane-bound (mFlt1) and soluble (sFlt1) VEGF receptor 1; and the VEGF receptor 1 is capable of inducing pro-angiogenic mFlt1 degradation and anti-angiogenic sFlt1 accumulation (27) . Thus, TL1A and VEGF exert mutual inhibitory effects under high glucose conditions, and these effects may ensure the maintenance of the balance between VEGF and TL1A expression. It was speculated that high glucose-induced TL1A expression may be partially responsible for the reduction in VEGF expression. Furthermore, cell survival may be enhanced by increasing VEGF expression via the alleviation of high glucose-induced TL1A expression, thereby attenuating the inhibition of VEGF.
A previous study demonstrated that high glucose-induced apoptosis of human vascular endothelial cells is mediated by the activation of reactive oxygen species (ROS)-dependent c-Jun N-terminal protein kinase (JNK) and caspase-3 (28), and is prevented by the PI3K/Akt/eNOS pathway (21) . It was demonstrated that the high glucose-induced increase in TL1A expression and reduction in VEGF expression promotes HUVEC apoptosis. Thus, to investigate whether the pro-apoptotic effect of enhanced TL1A expression and reduced VEGF expression is associated with the apoptotic and survival pathways described above, the activation of the PI3K/Akt/eNOS pathway was detected. HUVECs under high glucose stimulation displayed decreased VEGF expression and increased TL1A production accompanied by attenuated PI3K/Akt/eNOS pathway activation. Further investigation revealed that the PI3K/Akt/eNOS pathway was activated following the silencing of TL1A expression or the overexpression of VEGF; this activation was concomitant with decreased HUVEC apoptosis. The above results indicate that VEGF may protect against high glucose-induced endothelial cell apoptosis by activating the PI3K/Akt/eNOS pathway and that the attenuation of the PI3K/Akt/eNOS pathway may have pathological relevance to TL1A-induced apoptosis.
In conclusion, this study demonstrated that decreased VEGF levels and increased TL1A expression promote the apoptosis of HUVECs in response to high glucose conditions. Moreover, the activities of VEGF and TL1A are mutually inhibited. As a result, to prevent the occurrence and development of high glucose-induced endothelial cell injury and apoptosis, methods targeted to restore the balance between TL1A and VEGF expression by suppressing TL1A expression and enhancing VEGF production may be effective. Although the present observations strongly support the concept that TL1A is important in high glucose-induced cell apoptosis and although TL1A has been demonstrated to exert its pro-apoptotic effects in endothelial cells under high glucose conditions via multiple DR3-related signaling pathways, such as the activation of ROS-dependent JNK and caspase-3 (29), the relevance of this downstream pathway to pro-apoptosis pathways, such as the nuclear factor-κB pathway remains to be fully elucidated. Further studies to determine the mechanisms underlying the maintenance of the balance between the anti-apoptotic effector VEGF and the pro-apoptotic effector TL1A are required.
